Abstract. Gap junctions (GJs) serve the principal role in the antineoplastic (cytotoxicity and induced apoptosis) effect of chemical drugs. The aim of the present study was to determine the effect of GJ intercellular communication (GJIC) composed of connexin 43 (Cx43) on adriamycin cytotoxicity in breast cancer cells. Four cell lines (Hs578T, MCF-7, MDA-MB-231 and SK-BR-3) with different degree of malignancy were used in the study. The results of western blotting and immunofluorescence revealed that, in Hs578T and MCF-7 cells, which have a low degree of malignancy, the expression levels of Cx43 and GJIC were higher than those in MDA-MB-231 and SK-BR-3 cells (which have a high degree of malignancy). In Hs578T and MCF-7 cells, where GJ could be formed, the function of GJ was modulated by a pharmacological potentiators [retinoid acid (RA)]/inhibitors [oleamide and 18-α-glycyrrhetinic acid (18-α-GA)] and small interfering RNA (siRNA). In high-density cells (where GJ was formed), enhancement of GJ function by RA increased the cytotoxicity of adriamycin, while inhibition of GJ function by oleamide/18-α-GA and siRNA decreased the cytotoxicity caused by adriamycin. Notably, the modulation of GJ did not affect the survival of cells treated with adriamycin when cells were in low density (no GJ was formed). The present study illustrated the association between GJIC and the antitumor effect of adriamycin in breast cancer cells. The cytotoxicity of adriamycin on breast cancer cells was increased when the function of gap junctions was enhanced.
Introduction
Breast cancer is one of the most common malignancies in women worldwide and accounts for >15% of all female cancer mortalities as a result of tumor proliferation and metastasis (1) . Excessive proliferation of tumors is the most serious characteristic of neoplastic cells, which have a crucial role in the imbalance of tissue homeostasis (2, 3) .
Adriamycin is the most effective chemotherapeutic agent in the treatment of breast cancer (4, 5) . However, adriamycin efficacy is often limited by the emergence of resistance and adverse reactions (6, 7) . Therefore, improvements in the clinical application of adriamycin and the reduction of its adverse reactions are crucial.
Gap junctions (GJs) formed by connexins are the only communication junctions identified in animal tissues, and are responsible for the direct trafficking of ions, molecules and several second messengers, including inositol 1,4,5-trisphosphate, Ca 2+ , glutathione and cyclic adenosine monophosphate (8) . Connexins that form GJ channels are involved in the exchange of molecular signals in the cytoplasm of neighboring cells (9, 10) . Decreased expression of connexins and/or absence of GJ intercellular communication (GJIC) have been associated with tumor phenotype (11, 12) . Intercellular junctions are important in the maintenance of cellular homeostasis, cell differentiation and cellular death (13) . In normal mammary tissues, connexin 43 (Cx43) was shown to be mostly present in the myoepithelial cells and to be required for myoepithelial differentiation (14) . Lack of Cx43 was a common feature of human mammary cancer tissues compared with non-neoplastic breast tissues surrounding primary tumors (15) . Additionally, connexins have been reported to have functions independent of GJIC (16, 17) . Qin et al (18) reported that the tumor growth of human breast cancer cells (MDA-MB-231) transfected with the Cx43 gene was suppressed independently of GJIC.
In the present study, the expression of Cx43 was determined in breast cancer cells with different malignancy degree. GJ potentiators/inhibitors and Cx43 mall interfering RNA (siRNA) were used to regulate the function of GJs in order to certify whether the modulation of adriamycin cytotoxicity was dependent or independent on GJs. In summary, the current study will illustrate the association between GJIC and the antineoplastic effect of adriamycin in breast cancer cells.
Materials and methods
Materials. Adriamycin, retinoic acid (RA), oleamide and 18-α-glycyrrhetinic acid (18-α-GA) were purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Anti-Cx43 (cat. no. C8093) and anti-β-actin (cat. no. A5441) primary antibodies, and alkaline phosphatase-conjugated goat anti-mouse secondary antibodies, were acquired from Sigma-Aldrich (Merck Millipore). IgG-fluorescein isothiocyanate (FITC) for immunofluorescence (cat. no. LK-GAR4882) was purchased from Sigma-Aldrich (Merck Millipore). Calcein-acetoxymethyl ester (Calcein-AM) and Lipofectamine™ 2000 were acquired from Invitrogen (Thermo Fisher Scientific, Inc.). All other reagents were obtained from Sigma-Aldrich (Merck Millipore) unless stated otherwise.
Cell lines and cell culture. Human breast cancer cell lines (Hs578T, MDA-MB-231 and SK-BR-3) (American Type Culture Collection, Manassas, VA, USA) were grown in Dulbecco's modified Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml penicillin/streptomycin. MCF-7 cells were maintained in RPMI 1640 medium (Invitrogen; Thermo Fisher Scientific, Inc.) containing 10% (v/v) FBS. All cell lines were grown at 37˚C in a humidified atmosphere containing 95% air and 5% carbon dioxide.
Chemicals. All chemicals were prepared as stock solutions and stored at -20˚C in aliquots. Working solutions were freshly diluted at the time of the experiment. Stock solutions of adriamycin were prepared at 1 mmol/l in PBS. All exposures to adriamycin were performed in the dark. 18-α-GA was dissolved in dimethyl sulfoxide (DMSO) at 10 mM and diluted to a final concentration of 10 µM in culture medium, while oleamide was dissolved in DMSO at 25 mM and diluted to a final concentration of 25 µM in culture medium, and then they were added to the cells prior to adriamycin treatment.
Modulation of GJIC.
For potentiation, cells were incubated with the GJ potentiator RA (10 µM in DMSO) 24 h prior to adriamycin exposure and during the adriamycin treatment. For inhibition, cells were incubated with two GJ inhibitors, 18-α-GA (10 µM in DMSO) and oleamide (25 µM in DMSO) prior to adriamycin exposure and during the adriamycin treatment. Control cells were incubated with DMSO alone.
Western blotting. Western blot assays were conducted as reported in previous studies (19) . Cells were washed three times with cold PBS. Then, cell lysates were prepared with cell wash buffer (Beyotime Institute of Biotechnology, Haimen, China) followed by 1-h incubation in lysis buffer [Tris·HCl (pH 7.4) 20 mM, NaCl 150 mM, EDTA 1 mM, Triton 1%, sodium pyrophosphate 2.5 mM, Na 3 VO 4 1 mM, β-glycerophosphate 1 mM and protease inhibitors 1:1,000] on ice. Protein concentration was determined using the BCA Protein Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). A total of 20 µg of protein from each sample was separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% (w/v) skimmed dry milk in wash buffer [0.01 mol/l PBS (pH 7.4) and 0.05% (v/v) Tween 20] . Next, the membranes were incubated with monoclonal antibodies against Cx43 (1:4,000) or β-actin (1:2,000) at 4˚C overnight, followed by incubation with the alkaline phosphatase-conjugated goat anti-mouse secondary antibody (1:4,000) for 2 h at room temperature. The immunopositive bands were visualized using the Immobilon Western™ Chemiluminescent HRP Substrate (Merck Millipore) and quantified using Quantity One 4.62 software (Bio-Rad Laboratories, Inc.).
Immunofluorescence. Cells were grown to confluence on 6-well plates. Cells were fixed with 3.7% neutral buffered formalin in PBS containing Tween 20 (PBST) and permeabilized with ice-cold methanol for 30 min at -20˚C. Cover slips were blocked with 5% bovine serum albumin (BSA) (Sigma-Aldrich; Merck Millipore) in PBST for 2 h, and then incubated with the primary antibody overnight at 4˚C. Anti-Cx43 antibody diluted 1:100 in 2% BSA in PBST was used. Samples were washed three times with PBST the next day, followed by the addition of secondary anti-mouse IgG FITC-conjugated antibody at 1:200 dilution in 2% BSA in PBST for 2 h at room temperature (in the dark). Cover slips were subsequently washed three times with PBST for 5 min and then stained with DAPI (100 ng/ml) (Sigma-Aldrich; Merck Millipore) in order to count the cells.
'Parachute' dye-coupling assay. The assay for GJ function was performed as described by Hong et al (20) and Tong et al (21) . Donor cells and receiver cells were grown to confluence in 12-well plates. Donor cells from one well were double-labeled with 5 µM calcein-AM, which is converted intracellularly into the GJ-permeable dye calcein. Calcein-AM was freshly made as a solution of 10 µg/ml. Donor cells were then trypsinized and seeded onto the receiver cells at a 1:150 donor:receiver ratio. Donor cells were allowed to attach to the monolayer of receiver cells and form GJs for 4-5 h at 37˚C, and then examined with a fluorescence microscope (CK40; Olympus Corporation, Tokyo, Japan) and photographed. For each experimental condition, the average number of receiver cells containing dye per donor cell was visually determined and normalized to that of control cultures.
MTT assay. Cells were plated in a 96-well plate at a density of 1x10 4 cells/ml and, after 24 h, the cells were pretreated with RA for 24 h, oleamide for 1 h or 18-α-GA for 1 h prior to treatment with 6 µM adriamycin for 24 h. Cell viability was assessed by MTT (Sigma-Aldrich; Merck Millipore) reduction assay at the appropriate time points, and the absorbance was read at 490 nm using a microplate reader (Bio-Rad Laboratories, Inc.).
RNA interference.
Chemically synthesized siRNAs, which were acquired from Shanghai GenePharma Co., Ltd. (Shanghai, China) were transfected using TransMessenger Transfection Reagent (Qiagen GmbH, Hilden, Germany) according to the manufacturer's specifications. Briefly, cells were subcultured into 6-well plates containing glass cover slip inserts and incubated under their normal growth conditions. On the day of transfection, cells were washed with Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.) twice. Then, Opti-MEM and siRNA complex mixed with TranMessenger Transfection Reagent was applied to the cells and incubated for 6 h without antibiotics. For transiently transfected cells, a synthetic siRNA targeting Cx43 (target sequence, 5'-GGA AGC ACC AUC UCU AAC UTT-3') or negative control siRNA (target sequence, 5'-UUC UCC GAA CGU GUC ACG UTT-3') were transfected into cells by Lipofectamine TM 2000. Cells were changed to a regular cell culture medium 48 h later. Cells were either fixed for immunocytochemical studies, or the cell lysates were collected and prepared for western blot analysis.
Statistical analysis. Data were expressed as the mean ± standard deviation. Statistical significance was determined with one-way analysis of variance using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of Cx43 in breast cancer cells.
'Parachute' dye-coupling assay was used to detect the function of GJ in human breast cancer cells. Fig. 1 indicates that Hs578T and MCF-7 formed complete GJs. However, there was no effective GJ formed in MDA-MB-231 or SK-BR-3 cells.
In four types of human mammary cancer cells, western blotting and immunofluorescence were used to detect total Cx43 protein (Fig. 1A) and Cx43 protein on the membrane of cells (Fig. 1B) , respectively. Fig. 1A and B demonstrate that Hs578T cells expressed the highest level of Cx43, followed by MCF-7 and SK-BR-3 cells, while MDA-MB-231 cells expressed the lowest level of Cx43.
Since MDA-MB-231 and SK-BR-3 cells could not form effective GJs (Fig. 1C) , the subsequent experiments were conducted on Hs578T and MCF-7 cells, which expressed higher Cx43 protein levels, to detect the influence of GJ potentiators/inhibitors on the cytotoxicity of adriamycin.
Influence of GJ potentiator on the cytotoxicity of adriamycin.
To determine whether GJIC was required for the increase of adriamycin-induced cytotoxicity in cells with GJIC, the breast cancer cells Hs578T and MCF-7 were treated with chemical modulators of GJs prior and during exposure to 6 µM adriamycin [inhibitor, oleamide (22, 23) or 18-α-GA (24, 25) ; potentiator, RA (21, 26) ] at high density (GJ formed) or low density (no GJ formed). Fig. 2A and B revealed that treatment of Hs578T or MCF-7 cells with 10 µM RA for 24 h increased intercellular dye coupling through GJs. Fig. 2C illustrated that pretreatment of cells with RA for 24 h increased the cytotoxicity of adriamycin, leading to a substantially decreased surviving (Fig. 2C) .
Overall, the data indicated that the density dependence of adriamycin responses was a function of GJIC, and that RA increased the cytotoxicity of adriamycin in breast cancer cell lines.
Influence of GJ inhibitors on the cytotoxicity of adriamycin.
The 'parachute' dye-coupling assay was used to determine the effect of oleamide or 18-α-GA on the GJIC of mammary cancer Fig. 3A and B indicated that treatment with 25 µM oleamide or 10 µM 18-α-GA for 1 h significantly inhibited GJIC in the cells, according to the results of the dye-transfer assay. As presented in Fig. 3C , pretreatment of cells with oleamide or 18-α-GA for 1 h reduced the cytotoxicity of adriamycin, resulting in substantially increased survival in high-density cultures. However, at low density, there was very little effect of GJ inhibitor on adriamycin toxicity (Fig. 3C) . The results suggest that inhibition of GJ function by oleamide or 18-α-GA decreases adriamycin cytotoxicity in breast cancer cell lines.
Influence of siRNA on Cx43 expression and function of GJ.
To further assess the role of GJIC in cell density-dependent adriamycin sensitivity, siRNA was used to downregulate the expression of Cx43 in these cells (27, 28) . Downregulation was achieved by transient transfection of Hs578T and MCF-7 cells with synthetic Cx43-targeted siRNA. Cells were pretreated with siRNA negative control or Cx43 siRNA for 48 h. Western blot analyses confirmed that, in the two breast cancer cell lines (Hs578T and MCF-7), the expression of Cx43 was markedly reduced relative to their untreated counterparts (control groups) and siRNA negative controls (Fig. 4A and B) . In order to form an integrated GJ, connexins must be transferred to the membrane of cells (29, 30) . Consistent with the results of western blotting, the expression of Cx43 on the membrane determined by immunofluorescence assay was also reduced (Fig. 4C) .
Influence of siRNA on adriamycin cytotoxicity in breast cancer cells. To test whether siRNA would affect the function of GJs, a 'parachute' dye-coupling assay was used to detect dye coupling in breast cancer cells that were pretreated with siRNAs. In Hs578T and MCF-7 cells, the GJ-permeable dye calcein passed from the preloaded cells to various surrounding cells. According to the results of the 'parachute' dye-coupling assay ( Fig. 5A and B) , when breast cancer cells were incubated with siRNA for 48 h, the dye coupling through the GJ was significantly decreased (P<0.01). However, negative control cells did not exhibit any significant change compared with the control group (P>0.05).
In order to determine whether siRNA could affect the adriamycin cytotoxicity in Hs578T cells, the cytotoxicity caused by 6 µM adriamycin was analyzed in Hs578T and MCF-7 cells in high-density cultures (GJ formed) and low-density cultures (no GJ formed). Cells were pretreated with siRNA 
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for 48 h. Fig. 5C revealed that, in low-density cultures, the surviving fraction in the siRNA group was similar to that in the control group. This result demonstrated that siRNA had no effect on the adriamycin-induced cytotoxicity in Hs578T and MCF-7 cells when no GJs were formed. It suggests that, in the absence of GJIC, downregulation of Cx43 expression had no effect on the cellular response to adriamycin. Thus, Cx43 expression itself did not exert modulatory effects on adriamycin cytotoxicity that were unrelated to GJ formation and function. By contrast, in high-density cultures, when cells were exposed to 6 µM adriamycin, the surviving fraction of the siRNA group was increased compared with that of the control group. This result demonstrated that knockdown of Cx43 expression by siRNA reduced the cytotoxicity of adriamycin in mammary tumor cells when GJs were formed (Fig. 5C ). 
C A B Discussion
The present study demonstrated that there was a significant GJ-dependent component of adriamycin toxicity in breast cancer cells. Our results indicated that the expression levels of Cx43 in breast cancer cells were associated with malignancy. In the present study, Hs578T cells, which had the lowest malignancy degree, expressed the highest level of Cx43, followed by MCF-7, SK-BR-3 and MDA-MB-231 cells, where cells with the highest malignancy degree expressed the lowest level of Cx43 protein. Subsequently, Hs578T and MCF-7 cells, which have the ability to form efficient GJs, were used in order to observe whether regulation of GJ function could influence the cytotoxicity of chemical drugs such as adriamycin. RA was used as potentiator of GJ. Increased cytotoxicity of adriamycin was observed upon RA treatment in Hs578T and MCF-7 cells. The function of GJ was downregulated by three different methods: i) Low-density cultures, which lack functional contacts; ii) drugs, by incubating cells with the GJIC inhibitors oleamide or 18-α-GA; and iii) molecular biology, which resulted in Cx43 knockdown by siRNA. These methods provided the same results: Reduction of adriamycin cytotoxicity via inhibition of GJ was observed in high-density cultures, in which functional GJs were effectively formed, but was not observed in low-density cultures. These results suggested that GJ function could be enhanced to increase the antitumor activity of therapeutic agents in mammary cancer cells, which could become a novel therapeutic target of breast tumors.
Cancer cells (including liver cancer, lung carcinoma and breast carcinoma) are generally linked to loss of connexin and/or GJIC (15, (31) (32) (33) . Numerous studies have revealed the significant role of GJs in tumors, since recovered expression of connexin that forms GJs or recovered function of GJs could reduce the cell malignant phenotype (11, 34, 35) . The expression of connexin and its derived homotypic GJ suppressed the invasion of tumor cells (36, 37) .
In view of this, we attributed both the protective and toxic effects of GJIC on adriamycin cytotoxicity to the intercellular propagation of molecular/chemical signals through GJs in breast cancer cells. Prior reports have indicated that GJs regulated the cytotoxicity of antineoplastic drugs through various mechanisms (21, 38, 39) . For example, heteromeric GJs composed of Cx26 and Cx32 enhanced the cytotoxicity of cisplatin in HeLa cells, as assessed by proliferative capacity, cell survival and induction of specific apoptotic caspases (21) . GJIC was enhanced by simvastatin through protein kinase C-mediated Cx43 phosphorylation, which enhanced etoposide toxicity in Leydig tumor cells (38) . The efficacy of antineoplastic drugs was increased through a combinatorial treatment with substituted quinolines, which are specific class of GJ enhancers (39) . This effect was similarly observed in tumors subjected to X-rays irradiation treatment. Berberine potentiates the cell apoptosis induced by X-rays irradiation, probably through enhancement of GJ activity (40) . Apoptosis is currently recognized as a major mode of antineoplastic-induced or radiation-induced cell death (41, 42) . It is possible that one explanation for these discrepancies is the GJ-mediated transmission of the 'death signal' from apoptotic cells to neighboring viable cells. This strategy, which is followed in GJIC-based therapies, depends on the so-called 'bystander effect' (BE) (43, 44) . The BE, a mechanism where a cytotoxic signal is transferred from targeted cells to neighboring cells, has been considered as an important therapeutic method (45) . Numerous experiments reported that the BE promotes suicide gene therapy (46, 47) . Therefore, several inducers of GJIC such as retinoids have been used to provide great potential to amplify the efficacy of suicide gene therapy via the BE (48, 49) .
However, in normal cells, GJIC could exert a protective effect, which is a markedly opposite effect to that exerted in tumor cells (20, 50) . Nakase et al (50) reported that astrocytic GJs reduce apoptotic neuronal damage in cerebral ischemia. Hong et al (20) reported that the modulatory effect of GJIC on the cisplatin cytotoxic or protective effect depends on the oncogenic status of the cells, since the toxicity effect observed in tumor cells is opposite to that observed in normal cells, and these different effects are mediated by the same connexin. This phenomenon suggests that the protective effect is mediated by the transmission of survival signals among normal cells, the production of which is stimulated by the damaging effects of cisplatin exposure.
Upregulation of connexins and GJIC has been suggested as an antineoplastic strategy (19, 51) . Conklin et al (51) reported that genistein and quercetin increase Cx43 expression and suppress the growth of breast cancer cells. He et al (19) demonstrated that tramadol and flurbiprofen inhibit the cytotoxicity of cisplatin via their effects on GJs. This observation suggests that the restoration of connexins expression and GJIC may have beneficial effects in cancer therapies.
Connexins are reliable markers for breast cancer behavior (52) . Multiples studies have revealed that, in breast cancer patients, the expression of connexin proteins is correlated with clinicopathological biomarkers, including estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2), which are normally used to predict the response of mammary cancer patients to therapy (33, 53) . The Hs578T cell line used in the current study is a type of triple-negative breast cancer (TNBC), while the MCF-7 cell line is non-TNBC (ER+ and PR+) (54, 55) . ER and PR status have traditionally been used to select patients suitable for tamoxifen treatment (56). Conklin et al (52) reported that there was a significant positive correlation between Cx43 and PR expression, while both Cx32 and Cx43 exhibited a strong, positive correlation with ER status. Previous studies have shown that estrogen-mediated activation of ER-α suppresses GJIC and Cx43 expression, resulting in endometrial tumor progression (57). Zhao et al (58) observed that progestin reduces the transcription of Cx43 in myometrial cells through a mechanism independent of PR. Whether the expression level of Cx43 in Hs578T and MCF-7 cells is correlated with ER or PR remains to be determined. However, the present results demonstrated that the function of GJ and the expression of Cx43 in breast cancer were not associated with the levels of any of the above three biomarkers (ER, PR or HER2), and that the influence of GJ on the antitumor activity of adriamycin was neither associated with these biomarkers.
The outcome of our findings implies that regulation of GJ could be used as a new target in the therapy of breast cancer. We propose that the expression of Cx43 is associated with the malignancy degree of breast cancer cells. The cytotoxicity of adriamycin on breast cancer cells can be regulated by GJ modulators and Cx43 siRNA, which appears to be dependent on GJIC. Taken together, these observations indicated that specific modulators of Cx43 may have therapeutic implications in breast cancer.
